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We argue that the large instanton induced Pauli form factor in polarized proton-proton scattering
may cause, through topological fluctuations, substantial charge-dependent azimuthal correlations
for pi± production in peripheral heavy ion collisions both at RHIC and LHC, thanks to the large
induced magnetic field. Our results compare favorably to the measured pion azimuthal correlations
by the STAR and ALICE collaborations.
PACS numbers:
INTRODUCTION
Large single spin asymmetries in dedicated semi-
inclusive deep inelastic scattering were reported by both
the CLAS and the HERMES collaborations [1–4]. Simi-
larly large spin asymmetries were reported by the STAR
and PHENIX collaborations [5–7] in pion production us-
ing a polarized proton beam at collider energies. These
large spin asymmetries are due to chirality flip contribu-
tions in the scattering amplitude that are not supported
by QCD perturbation theory and factorization.
The QCD vacuum supports large instanton-
antinstanton fluctuations that are non-perturbative
in nature and a natural source for chirality flip effects.
QCD instantons are hedgehog in color-spin, that makes
them ideal for triggering large spin asymmetries [8–15].
These large chirality flip contributions are beyond
the realm of factorization and provides a QCD based
quantitative mechanism for large spin effects in the
initial state (Sivers) [16, 17].
In this note we would like to argue that the chi-
rality flips from instanton and anti-instanton in polar-
ized proton-proton collisions may cause, through vac-
uum topological fluctuations, large pion azimuthal cor-
relations in peripheral heavy ion collisions, thanks to the
large induced magnetic field in the prompt phase of the
collision. The organization of this note is as follows: we
first briefly review the origin of some of the chirality flip
effects in the QCD vacuum. We then argue that in pe-
ripheral heavy ion collisions, a substantial magnetic field
could trigger large polarizations in the protons partici-
pating in the collisions. These effects lead to large pion
azimuthal correlations that are comparable to those re-
cently reported by the STAR and ALICE collaborations.
Our conclusions follow.
P-ODD EFFECTS IN THE INSTANTON
VACUUM
In a typical non-central AuAu collision at RHIC as il-
lustrated in Fig. 1, the flying fragments create a large
magnetic field that strongly polarizes the wounded or
FIG. 1: 2-pion correlations in peripheral AuAu collisions.
participant nucleons. The magnetic field is typically
eB/m2pi ≈ 1 at RHIC and eB/m2pi ≈ 15 at the LHC
lasting for about 1-3 fm/c [18]. We recall that in these
units m2pi ≈ 1018 Gauss which is substantial and therefore
a major source of prompt proton polarization. Polarized
proton on proton scattering can exhibit large chirality flip
effects through instanton and anti-instanton fluctuations
as we now show.
Consider the typical parton-parton scattering ampli-
tude of Fig.2 with 2-gluon exchanges. In each colli-
sion, the colliding ”parton” pi has spin si, and thus
u(pi)u¯(pi) =
1
2 /pi(1 + γ5/si). The parton p1 from the
A-nucleus encounters an instanton or anti-instanton as
depicted by the gluonic form-factor. The latter follows
from standard instanton calculus [19]
Maµ = t
a [γµ −P+γ+σµνqνΨ−P−γ−σµνqνΨ] (1)
with γ± = (1± γ5)/2 and
Ψ =
Fg(ρcQ)pi
4(nIρ
4
c)
m∗qg2s
(2)
and Fg(x) ≡ 4/x2 − 2K2(x) with Fg(0) = 1. Here
nI ≈ 1/fm4 is the effective instanton density, ρc ≈ 1/3 fm
the typical instanton size and m∗q ≈ 300 Mev the consti-
tutive quark mass in the instanton vacuum. The mo-
menta of the incoming partons as well as the momen-
tum Q of the transferred gluon are assumed small or
ar
X
iv
:1
20
5.
23
66
v2
  [
he
p-
ph
]  
8 A
pr
 20
14
2pρc, Qρc ≤ 1. P+ = 1 stands for an instanton insertion
and P− = 1 for an anti-instanton insertion. In estab-
lishing (1), the instanton and anti-instanton zero modes
are assumed to be undistorted by the prompt external
magnetic field. Specifically, the chromo-magnetic field
BG is much stronger than the electro-magnetic field B,
i.e. |gsBG|  |eB| ≈ or m2piρ2c ≈ 0.004  1. The defor-
mation of the instanton zero-modes by a strong magnetic
field have been discussed in [20]. They will not be con-
sidered here.
In terms of (1), the contribution of Fig.2 to the differ-
ential cross section is
dσ ∼ g
4
s
|p1 − k|4 tr [M
a
µ/p1(1 + γ5/s1)γ0(M
b
ν)
†γ0/k]
× tr [γµta/p2(1 + γ5/s2)γνtb/k
′
] (3)
which can be decomposed into dσ ≈ dσ(0) + dσ(1) in the
dilute instanton liquid. The zeroth order contribution is
d(0)σ ∼ 64g4s
2(k · p2)(p1 · p2) + (k · p1)(p1 · p2 − k · p2)
|p1 − k|4
(4)
where we used k′ = p1 + p2 − k. The first order contri-
bution is
d(1)σ ∼ 64g
4
s
|p1 − k|4
[
(p1 · p2)2 + (k · p2)(p1 · p2)
]
×(k · s1) (P+ −P−) Ψ (5)
after using p1 · s1 = 0 and p21 = k2 = 0. Converting to
standard parton kinematics with p1 → x1P1, p2 → x2P2
and k → K/z, we obtain for the ratio of the P-odd to
P-even contributions in the differential cross section
d(1)σ
d(0)σ
=
x1(P1 · P2)2 + 1z (K · P2)(P1 · P2)
2(K · P2)(P1 · P2) + (K · P1)(x1x2P1 · P2 − K·P2zx2 )
×(K · s1) (P+ −P−) Ψ (6)
Now consider the kinematics appropriate for the colli-
sion set up in Fig. 1,
P1/2 =
√
s
2
(1, 0, 0,±1)
K = (E,K⊥ cos ∆φ,K⊥ sin ∆φ,
√
s
2
xF )
s1 = (0, 0, s
⊥
1 , 0) (7)
where K⊥ and E2 = K2⊥ + sx
2
F /4 +m
2
pi are the trans-
verse momentum and total squared energy of the out-
going pion respectively. xF is the pion longitudinal mo-
mentum fraction. Thus
FIG. 2: Gluon Exchange. The blob is an instanton or anti-
instanton insertion. See text.
lim
s→∞
d(1)σ
d(0)σ
= (sin ∆φ)s⊥1
xF + x1z
xF z
K⊥
m∗q
pi3(nIρ
4
c)
8αs
×Fg
(
ρ
√
x1
xF z
(K2⊥ +m2pi)
)
(P− −P+)
(8)
We note that Eq. 8 vanishes after averaging over the in-
stanton liquid background which is P-even
〈
d(1)σ
d(0)σ
〉
= 0 (9)
since on average 〈Q〉 = 〈P+ −P−〉 = 0.
P-ODD CORRELATIONS IN AA COLLISIONS
THROUGH INSTANTONS
Now consider hard pp collisions in peripheral AA colli-
sions as illustrated in Fig. 1. The Magnetic field is strong
enough to polarize the colliding protons. For simplic-
ity, we set s⊥u(x,Q2) = ∆su(x,Q2) and s⊥d(x,Q2) =
∆sd(x,Q
2), with ∆su(x,Q
2) and ∆sd(x,Q
2) as the spin
polarized distribution functions of the valence up-quarks
and valence down-quarks in the proton respectively. We
also assume that the outgoing u quark turns to pi+ and
that the outgoing d quark turns to pi−. With this in mind,
we may rewrite the ratio of differential contributions in
(8) following [21–24] as
dN
dφα
∼ 1− 2aα sin(φ−ΨRP ) (10)
with α = ± or
a+ =
∆su(x,Q
2)
u(x,Q2)
ΥQ a− =
∆sd(x,Q
2)
d(x,Q2)
ΥQ (11)
and
Υ ≡ xF + xz
xF z
K⊥
m∗q
pi3(nIρ
4
c)
16αs
Fg
(
ρ
√
x
xF z
(K2⊥ +m2pi)
)
(12)
3While on average 〈aα〉 = 0 since 〈Q〉V = 0, in general
〈aαaβ〉 6= 0 for the 2-particle correlations. Explicitly
− 〈api+api−〉 = −
(
∆su(x,Q
2)
u(x,Q2)
∆sd(x,Q
2)
d(x,Q2)
)
Υ2
〈
Q2
〉
V
−〈api+api+〉 = −
(
∆su(x,Q
2)
u(x,Q2)
)2
Υ2
〈
Q2
〉
V
−〈api−api−〉 = −
(
∆sd(x,Q
2)
d(x,Q2)
)2
Υ2
〈
Q2
〉
V
(13)
According to [25, 26], ∆su(x,Q
2)/u(x,Q2) = 0.959 −
0.588(1 − x1.048) and ∆sd(x,Q2)/d(x,Q2) = −0.773 +
0.478(1 − x1.243). For reasonable values of 〈x〉,
〈api+api+〉 ∼ 〈api−api−〉 ∼ − 〈api+api−〉 as expected [21–
24].
A more quantitative comparison to the reported data
in [21, 24] can be carried out by estimating the fluctua-
tions of the topological charge Q in the prompt collision
4-volume V ≈ (τ2/2)∆ηV⊥(b). In the latter, τ ≈ 1-3 fm
is the prompt proper time over which the induced mag-
netic field is active, ∆η is the interval in pseudo-rapidity
and V⊥(b) the transverse collision area for fixed impact
parameter b. Through simple geometry
V⊥(b) = 2R2
arccos( b
2R
)
− b
2R
√
1−
(
b
2R
)2
(14)
where R is the radius of two identically colliding nu-
clei. Q2 involves a pair P,P′ of instanton-antiinstanton.
Specifically,
〈
Q2
〉
V
=
〈
(P+ −P−)(P′+ −P′−)
〉
V
(15)
If we denote by N± the number of instantons and antin-
stantons in V , with N = N+ + N− their total number,
then in the instanton vacuum the pair correlation follows
from
〈
Q2
〉
V
≡
〈(
N+ −N−
N+ +N−
)2〉
V
≈
〈
(N+ −N−)2
〉
V
〈(N+ +N−)2〉V
≈ 〈N〉V〈N〉V (〈N〉V + 4/b)
(16)
The deviation from the Poissonian distribution in the
variance of the number average reflects on the QCD trace
anomaly in the instanton vacuum or
〈
N2
〉
V
− 〈N〉2V =
4/b 〈N〉V [27]. Here b = 11Nc/3 is the coefficient of
the 1-loop beta function β(ρc) ≈ b/ln(Λρc) (quenched).
Thus
〈
Q2
〉
V
≈ 1
nI(τ2∆ηV⊥(b)/2) + 4/b
(17)
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FIG. 3: Pion azimuthal charge correlations versus the
data [21] from STAR at
√
s = 200GeV. See text.
The topological fluctuations are suppressed by the large
collision 4-volume. Note that we have ignored the role of
the temperature on the the topological fluctuations in pe-
ripheral collisions. Temperature will cause these topolog-
ical fluctuations to deplete and vanish at the chiral tran-
sition point following the instanton-anti-instanton pair-
ing [28]. So our results will be considered as upper-
bounds.
For simplicity, we assume 〈x〉 = 1/3 for each par-
ton and 〈xF 〉 = 〈z〉 = 0.5. We also fix τ = 3 fm to
be the maximum duration of the magnetic field polar-
ization, and set the pseudo-rapidity interval to (−4, 4)
for STAR and (−5, 5) for ALICE. The radius of the
colliding nuclei will be set to R = 1fm × 3√A where
A is the atomic number. The centrality is approxi-
mated as n% = b2/(2R)2 [29]. Our results are displayed
in Fig. 3 for AuAu and Fig. 4 for CuCu collisions at√
s = 200GeV (STAR), and in Fig. 5 for PbPb collisions
at
√
s = 2.76TeV (ALICE). We recall that [30]
〈cos(φα + φβ − 2ΨRP)〉 ≡ − 〈aαaβ〉 (18)
For the like-charges the results compare favorably with
the data. For the unlike charges they overshoot the data
especially for the heavier ion. Since the magnetic field
changes with the impact parameter b [18], it follows that
full proton polarization is only taking place at 30% and
higher centralities. We have checked that the magnet-
ically weighted results with the impact parameter do
not differ quantitatively from the unweighted results pre-
sented in Figs. 3-5.
CONCLUSIONS
Large chirality flips from instanton and anti-instanton
contributions as assessed in polarized pp experiments
may contribute substantially to P-odd azimuthal corre-
lations in unpolarized AA collisions at RHIC and LHC,
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FIG. 4: Pion azimuthal charge corrlations versus the data [21]
from STAR at
√
s = 200GeV. See text.
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FIG. 5: Pion azimuthal charge correlations versus the data
from ALICE [24] at
√
s = 2.76TeV. See text.
thanks to the topological fuctuations in the QCD vac-
uum and a large induced magnetic field in the prompt
part of the collision. The effect is stronger in peripheral
collisions and subsede in central collisions. Simple esti-
mates based on the collision geometry and the magnetic
field profile, compare favorably to the currently reported
pion azimuthal charge correlations by the STAR and AL-
ICE collaborations. Our arguments involve only polar-
ized protons in the presence of topological fluctuations
in the confined vacuum, and therefore complement the
chiral magnetic effect suggested in the deconfined vac-
uum [31–34].
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